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Characterization of diffusivity-based oxygen transport
in Arctic organic soil
T . K . K . C h a m i n d u D e e p a g o d a & B . E l b e r l i n g
Department of Geosciences and Natural Resource Management, Center for Permafrost (CENPERM), University of Copenhagen, Øster
Voldgade 10, DK-1350 Copenhagen, Denmark
Summary
Arctic terrestrial ecosystems are characterized by large deposits of near-surface soil organic carbon in poorly
drained areas. Recent changes in Arctic regions such as warming and changes in water balance have adverse
effects on the dynamics of near-surface oxygen, leading to a potential increase in oxidation of near-surface carbon
and emission of CO2. This study investigated oxygen diffusivity characteristics, in both gaseous and liquid phases,
in the upper 10 cm of an organic soil profile from a peatland in Disko, West Greenland (69∘N). Two commonly
used methods for calculating diffusivity of gaseous-phase oxygen were applied and discussed to select the most
appropriate method for highly porous media, for example peat soil. We measured diffusivity of gaseous-phase
oxygen with a one-chamber diffusion set-up in soil at different air contents (mimicking draining), and described
it numerically with a previously developed parametric diffusivity model. We obtained precise measurements
of liquid-phase oxygen diffusivity along a depth profile (0–2 cm) in water-saturated peat soil with a diffusivity
microsensor coupled to amicromanipulator. The results show that the choice of an appropriate diffusivitymodel is
critical for predicting oxygen diffusivity in organic soil and that diffusivity in mineral soil is not representative for
organic soil. Furthermore, the importance of the non-linear functionality between water saturation and diffusivity
is demonstrated. This highlights the importance ofmeasuring andmodelling oxygen diffusivity rather than relying
on measurements of observed water content in future studies of CO2 and CH4 dynamics in Arctic soil systems
subject to climate changes.
Introduction
Almost 40% of the global near-surface soil carbon occurs in
Arctic soil (McGuire et al., 2009; Tarnocai et al., 2009); it is
more or less affected by underlying impermeable permafrost
(i.e. below 0∘C over more than two consecutive years). The per-
mafrost table acts as a barrier to infiltration and thereby controls
oxygen availability above. Changes in water balance and thawing of
permafrost are expected to influence net greenhouse gas dynamics
and budgets; therefore, they represent one of the most critical feed-
back mechanisms of climate changes in the Arctic (Arctic Monitor-
ing and Assessment Program, AMAP, 2011; Hugelius et al., 2014).
Decomposition of subsurface carbon and subsequent production
of CH4 from Arctic soil is greatly inhibited by the characteristic
cold environment in spite of large reserves of C (Jonasson et al.,
2001). Furthermore, the typically waterlogged conditions in Arctic
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peatlands have limited oxygen availability, which leads to less
oxidation of CH4 and, therefore, limited atmospheric emission
of CO2 (Elberling et al., 2011). However, recent climate-induced
changes in Arctic regions, including Arctic warming (Post et al.,
2009) and draining of peatlands (Holden et al., 2006), have given
rise to an increased risk of the thawing of permafrost and enhanced
aeration of organic topsoil layers.
Subsurface O2 transport and CO2 emissions across the
soil–atmosphere continuum are predominantly diffusion lim-
ited (Penman, 1940), particularly in the absence of near-surface
wind- or temperature-induced pressure fluctuations. The gas diffu-
sion coefficient in soil water, Ds,l (cm
2 s−1), and that in soil air, Ds,g
(cm2 s−1), are responsible for regulating diffusion-controlled trans-
port of gases through soil liquid and gaseous phases, respectively.
The two gas diffusion coefficients are conveniently scaled by their
respective gas diffusion coefficients and expressed as gas diffusivity
in the liquid phase (Ds,l/Do,l) and in the gaseous phase (Ds,g,/Do,g),
where Do,l and Do,g are oxygen gas diffusion coefficients in free
water and free air, respectively, under standard conditions. This
scaling standardizes the gas-specific characteristics of the diffusion
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coefficients, which makes diffusivity a descriptive property con-
trolled by the functional fluid (liquid or gaseous) phase, mainly the
water content and pore network continuity. Notably, gas diffusion
in water is, in general, four orders of magnitude slower than gas
diffusion in air under the same ambient conditions. For example,
for oxygen, Do,l = 2.10× 10−5 cm2 s−1 (20∘C and zero salinity;
Broecker & Peng, 1974) and Do,g = 0.205 cm2 s−1 (20∘C and
1.013× 105 Pa pressure; Rolston & Moldrup, 2012). The relative
importance of the two processes depends on which coefficient con-
trols the dominant diffusion mechanism with respect to the existing
subsurface conditions (for example, water-logged or drained).
Therefore, accurate estimation of both diffusion coefficients is
essential for proper characterization of subsurface systems. Differ-
ent methods have been suggested in the literature for measuring and
calculating the diffusion coefficients; however, their applicability
and usefulness vary depending on the characteristics of the partic-
ular medium. There is a lack of diffusivity data for organic soil that
embrace the entire range of water content (0–100% saturation)
because no single method seems to be suitable for assessing the
sensitivity of diffusivity over this range of water content. Thus, a
combination of methods is important but is seldom used (Elber-
ling & Damgaard, 2001), in particular for organic-rich soil. The
importance of direct measurements of soil-gas diffusivity is also
highlighted in modelling climate changes in Arctic regions because
most of the recent predictions of greenhouse-gas-induced climate
change still rely on the commonly used gas diffusivity models
(e.g. Millington & Quirk, 1961 model), which have not been
validated for ecosystem-specific measurements.
This study examines oxygen diffusivity characteristics in topsoil
layers (0–10 cm) sampled from a peat in Disko, West Greenland.
We measured diffusivity of liquid-phase oxygen in water-saturated
conditions that represent the natural water-logged (wetland) con-
ditions typical of the region. We also measured the diffusivity of
gaseous-phase oxygen under varying moisture conditions to rep-
resent evapotranspiration or drawdown of the water table in peat
soil. This enabled us to test the following hypotheses: (i) stan-
dard methods for calculating the diffusion coefficient (Ds,g) of
gaseous-phase oxygen are not equally suitable for modelling dif-
fusivity for organic soil and (ii) diffusivity measurements under
fully water-saturated conditions are critical to constrain fitting of
the equations. The sensitivity of diffusion models in the range of
near-saturated conditions is seldom evaluated because of exper-
imental difficulties in maintaining steady-state conditions during
measurement.
Materials and methods
Soil
Intact cores of soil (35 cm× 25 cm× 30 cm) were sampled from the
top horizon of an experimental field on Disko Island, West Green-
land (69∘N, 53∘W), which is near to the transition zone between the
low and high Arctic. The site is on a young marine terrace and the
soil is predominantly peat. The snow cover is up to 1m and persists
Table 1 Characteristics of the Arctic peat soil from Disko, Greenland
Location
Depth /
cm
Soil
type
LOI /
g 100 g−1
C:N
ratio
Total
porosity /
cm3 cm−3
Particle
density /
g cm−3
Dry bulk
density /
g cm−3
Disko 0–5 Peat 95.7± 3 25.9± 4 0.84 1.16 0.17
Disko 5–10 Peat 92.1± 3 26.8± 3 0.70 1.27 0.25
LOI is the loss on ignition and standard deviations (n= 3) are shown as ±.
until mid-June. According to the meteorological measurements of
the station (1991–2004; Hansen et al., 2006), the mean air tem-
peratures of the warmest (July) and the coldest (February–March)
months are 7.1 and −16.0∘C, respectively. The mean annual soil
temperature at 5-cm depth is −1.9∘C and permafrost occurs within
the top 1m. The vegetation cover is characterized by contrasting
plant types that include moss, Salix Arctophila, Cockerell, Salix
Arctica, Pall, Pyrola Grandiflora, Radius, Carex L., Deschampsia
Alpine (L.) Roem. & Schult. and Sphagnum, L. The measured
properties of the soil are given in Table 1.
Intact cores that included the vegetation cover were taken in
July 2013. Cores were transferred and stored at 7∘C in the
temperature-controlled laboratory at the Center for Permafrost
(CENPERM), the University of Copenhagen, Denmark. Subse-
quently, the vegetation cover, predominantly moss, was removed
and subsamples were taken from 0 to 5-cm and from 5 to 10-cm
depths with an annular steel cylinder (6.06 cm in diameter, 3.48 cm
in height and ∼100 cm3 in volume) with minimal soil disturbance.
The Ds,l was measured in saturated samples only, whereas Ds,g was
measured under different moisture conditions achieved by step-
wise evaporation of samples at in situ moisture conditions. After
each evaporation step, samples were sealed and sufficient time was
allowed for water to redistribute to ensure equilibrium conditions
before the next measurement. To avoid bypass air flow in dry sam-
ples with visible shrinkage, a thin layer of grease was smeared
around the annular edge before measurement.
To examine the effect of soil structure onDs,l andDs,g coefficients,
measurements were also made in homogenized samples after first
being passed through a 1-mm sieve and subsequently repacked. Soil
samples from both layers (0–5 and 5–10 cm)weremixed uniformly
before sieving. Sieving eliminated large plant and root residues
only, and thin hair-like root sections remained in the repacked
samples. All measurements were made in triplicate.
In addition, Ds,g data from the literature (Chamindu Deepagoda
et al., 2011a, 2011b, 2013; Masís-Meléndez et al., 2014) on differ-
ent types of soil and porous media were considered for comparison
of the two methods of calculation used by Taylor (1949) and Currie
(1960).
Peat characteristics
Loss on ignition was used to determine organic carbon (OC) con-
tent according to Heiri et al. (2001). After being air-dried, samples
were homogenized and burned at 550∘C for 5 hours to determine
the percentage weight loss of organic matter. This weight was
© 2015 The Authors. European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science
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converted to OC using a factor of 0.58, which is the generally
accepted carbon fraction of soil organic matter. Total nitrogen was
measured by the Kjeldahl method (Bremner & Mulvaney, 1982)
and used to calculate the C:N ratio. Measurements were replicated
three times (n= 3).
Liquid-phase O2 diffusivity
Oxygen diffusivity in saturated samples was measured with a
microscale diffusivity sensor (Unisense, Aarhus, Denmark). The
sensor is equipped with an internal gas reservoir from which a
trace gas (H2) is emitted into the surrounding porous medium. The
diffusing gas is detected at the sensor tip by a built-in transducer,
which, in response to the build-up in partial pressure, generates a
signal (measured in mA or mV) that is read by a picoammeter (2000
PA, Unisense, Aarhus, Denmark). Revsbech et al. (1998) provided a
general description of the sensor and the mathematical formulation
to describe the sensor signal as a function of the apparent diffusion
coefficient of the medium.
To construct a calibration curve, two media with known diffu-
sivities were used: stagnant water and a 40–60 μm unsorted glass
bead mixture (Elberling & Damgaard, 2001). Diffusivity was mea-
sured up to 2 cm from the surface in triplicate at each depth. The
microsensor-based method allows rapid and in situ measurement
of diffusivity along a depth profile with minimum disturbance
(because of small tip size) and strong repeatability, which elimi-
nates difficulties associatedwith classical methods (e.g. the half-cell
method). Furthermore, the microsensor was coupled with an auto-
mated micromanipulator to maintain precise control over position-
ing of the sensor during micro-profiling. However, at present the
diffusivity sensor is designed and validated for (and therefore essen-
tially limited to) diffusivity measurements in water-saturated envi-
ronments.
Diffusivity of gaseous-phase O2
We used a one-chamber diffusion apparatus to measure the dif-
fusivity of gaseous-phase O2 (Figure 1). The apparatus consists
of a chamber made with a 10-mm thick PVC tube. The bottom
of the tube was embedded and glued into a 10-mm thick plastic
block to ensure an air-tight joint. A 5-mm diameter rubber O-ring
was inserted into a groove at the top of the tube, which facilitates
positioning of the sample during measurement. Provisions are also
made on the chamber wall for flushing with N2 and measuring O2.
The chamber was first flushed with N2 to make it oxygen free.
The sample was mounted on top of the chamber and atmospheric
O2 was allowed to diffuse freely across the sample into the chamber.
The increasing O2 concentration inside the cell was monitored
continuously by an optical oxygen sensor (type PSt3, PreSens
GmbH, Regensburg, Germany), which transmits the luminescence
response (in terms of wave amplitude and phase change) to
a multi-channel oxygen meter (OXY-10 mini, PreSens GmbH,
Regensburg, Germany). Before measurements were made, the
oxygen probe was calibrated for oxygen-free (0% air saturation)
and oxygen-saturated (100% air saturation) conditions.
Figure 1 Schematic diagram of the gas diffusion apparatus for measuring
diffusivity of gaseous-phase oxygen. 1, diffusion cell; 2, soil sample; 3,
optical sensor; 4, O-ring; 5, N2 inlet (I) and outlet (O); 6, oxymeter and
datalogger; 7, graphical display.
Prior to the use of actual soil samples, preliminary tests were
completed successfully with dummy samples (e.g. solid blocks
with and without multi-cylindrical pore systems) to ensure that
the chamber was air-tight and gave theoretical Ds,g values for
well-characterized pore systems (see Schjønning et al. (2013) for
dummy samples used for pretesting diffusion chambers).
The length of time taken for each measurement varied depending
on the moisture status of the sample. For all measurements, the
apparatus was kept under a closed hood to avoid undue interference
(e.g. from wind, falling objects, and so on). The oxygen meter
recorded data for the oxygen profile (oxygen concentration over
time), which can be used to calculate Ds,g with different methods
as described below.
Methods for the calculation of Ds,g
Two methods have been used commonly for calculating Ds,g:
Taylor (1949) and Currie (1960). Rolston & Moldrup (2002)
provide a detailed account of both methods; therefore, we provide
a brief outline only of the mathematical framework behind the
two methods to facilitate our subsequent analysis in relation to
organic soil.
Taylor’s (1949) method. Diffusive fluxes of gases into the soil
across a concentration (or partial pressure) gradient follows the
classical Fick’s first law of diffusion:
J = Q
At
= −Ds,g
𝜕C
𝜕x
, (1)
where J[ML2 T−1] is the diffusive gas flux, Q[L3] is the volume
of diffusing gas, C[ML−3] is the gas concentration, A[L2] is
the cross-sectional area of the chamber and x [L] and t [T] are
spatial and temporal dimensions, respectively. Equation (1) can be
rewritten in a form that is of interest to our study as follows:
dQ
dt
= −Ds,gA
ΔCt
Hs
, (2)
© 2015 The Authors. European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science
European Journal of Soil Science, 66, 983–991
986 T. K. K. Chamindu Deepagoda & B. Elberling
where ΔCt is the change in concentration inside the chamber
(Ct=t −Ct=0) and Hs [L] is the sample height.
Alternatively, the volume of gas diffusing into the chamber can
be expressed as:
dQ
dt
= HcA
d
(
ΔCt
)
dt
, (3)
whereHc [L] is the height of the chamber. Combining Equations (2)
and (3) and integrating them over time gives:
Ds,gdt = −HsHc
d
(
ΔCt
)
ΔCt
, (4)
Ds,g∫
t
0
dt = −HsHc∫
ΔCt
ΔCo
1
ΔCt
d
(
ΔCt
)
, (5)
and
ln
(ΔCt
ΔCo
)
= −
Ds,g
HsHc
t. (6)
With Equation (6), Ds,g can be computed from the gradient of the
plotted values ln
(
ΔCt
ΔC0
)
against t.
Currie’s (1960) method. Linking Fick’s first law, Equation (1),
with the continuity equation (Rolston & Moldrup, 2002, Equation
[4.3–2]) leads to Fick’s second law of diffusion, which can be
generally expressed as:
𝜀
𝜕C
𝜕t
= Ds,g
𝜕2C
𝜕x2
, (7)
where 𝜀 [L3 L−3] is the air-filled porosity. An analytical solution to
Equation (7) under the boundary conditions specific to the diffusion
system is given by Carslaw & Jaeger (1959) as:
ΔCt
ΔC0
=
∞∑
n=1
2h exp
(
−Ds,g𝛼2n t∕𝜀
)
Hs
(
𝛼2n + h2
)
+ h
, (8)
where h= 𝜀/Hc, and 𝛼n with n= 1, 2, 3 . . . . are the positive roots of
the equation: (
𝛼Hs
)
tan
(
𝛼Hs
)
= hHs. (9)
If the terms for n≥ 2 are disregarded, then:
ΔCt
ΔC0
=
2h exp
(
−Ds,g𝛼21 t∕𝜀
)
Hs
(
𝛼21 + h2
)
+ h
. (10)
Rewriting Equation (10) in a linear form gives:
ln
(ΔCt
ΔC0
)
= −
Ds,g𝛼
2
1
𝜀
t + ln
(
2h
Hs
(
𝛼21 + h2
)
+ h
)
. (11)
Following Equation (11), Ds,g can then be calculated from the
gradient of the plotted values ln
(
ΔCt
ΔCo
)
against t.
Predictive models for Ds,g/Do,g
A wide range of soil-gas diffusivity models that express Ds,g/Do,g
as a function of properties that can be measured easily, such as
air-filled porosity (𝜀) and total porosity (Φ), have been proposed
for soil types with different textures and structures in the literature
(e.g. Buckingham, 1904; Millington & Quirk, 1961; Moldrup et al.,
2000). For aggregated soil with two-region characteristics, that
is inter-aggregate and intra-agregate regions, such as the soil we
consider in this study (discussed later), Chamindu Deepagoda et al.
(2011b) proposed the generalized density-corrected (GDC) gas
diffusivity model, which is given as:
Inter-aggregate region:
Ds,g
Do,g
= 𝛼
(
𝜀
Φi
)𝛽
0 ≤ 𝜀 ≤ Φi, (12)
where
𝛼 =
Ds,g
Do,g
|||||𝜀=Φi
and 𝛽 is the shape factor that characterizes non-linearity in the
inter-aggregate region, whereas Φi denotes the inter-aggregate
porosity.
For the intra-aggregate region, Chamindu Deepagoda et al.
(2011b) proposed a linear gas Ds,g/Do,g model, which takes the
form:
Intra-aggregate region:
Ds,g
Do,g
= 𝛼 + 𝜆
(
𝜀 − Φi
)
Φi ≤ 𝜀 ≤ Φ, (13)
where 𝜆 is the characteristic parameter that represents the tortuosity
of the intra-aggregate region.
The gaseous phase pore tortuosity (𝜏) is one of the important
porous media characteristics that can be derived from Ds,g/Do,g,
which can be calculated by (Ball, 1981):
𝜏 =
√
𝜀
Ds,g∕Do,g
. (14)
Results and discussion
A comparison of the Taylor (1949) and Currie (1960) methods
Figure 2 shows a scatterplot that compares the calculated oxygen
diffusivity (Ds,g/Do,g) following Currie (1960) and Taylor (1949)
for the Disko soil and different soil types and porous media
from the literature (data from Chamindu Deepagoda et al., 2011a,
2011b, 2013; Masís-Meléndez et al., 2014). All measurements
have been made with the same type of one-chamber diffusion
apparatus using N2 –O2 as the experimental gas pair to ensure
that the results are directly comparable. Figure 2 shows a strong
agreement (R2 = 0.99; P< 0.01, t-test) between diffusivity values
measured by both methods at smaller Ds,g/Do,g values (which
resulted from smaller 𝜀 values). However, there is a tendency for the
methods to deviate with larger values ofDs,g/Do,g > 0.25, especially
in very porous media (e.g. particulate porous media). Knowing
that Ds,g/Do,g values in typical mineral and weakly-aggregated
soil rarely exceed 0.25 (Chamindu Deepagoda et al., 2011a), both
© 2015 The Authors. European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science
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Figure 2 Scatterplot of Ds,g calculated following Currie’s (1960) and Tay-
lor’s (1949) methods for selected measurements from the literature. The
dashed and dotted lines illustrate ±10% and ±20% deviation, respec-
tively, from the 1:1 line. Data from Chamindu Deepagoda et al. (2011a,
2011b, 2013) and Masís-Meléndez et al. (2014). Particulate porous media
(Chamindu Deepagoda et al., 2013); ⚬ sandy soil (Jyndevad, Denmark)
Masís-Meléndez et al. (2014); Δ sandy soil (Hjørring, Denmark; Chamindu
Deepagoda et al., 2011a); ◽ andisol aggregates (Nishi-Tokyo; Chamindu
Deepagoda et al., 2011b); ◾ peat soil (Disko, Greenland; this study).
methods appear to be equally applicable for estimating Ds,g in
general.
For values ofDs,g/Do,g of 0.25–0.6, the deviation between the esti-
mates from the two methods becomes more pronounced (Figure 2).
Taylor’s (1949) method underestimated Ds,g/Do,g compared with
Currie’s (1960) method by about 10–15% (shown by dashed and
dotted lines) for Ds,g/Do,g > 0.4. This is particularly noticeable in
well-structured aggregated soil and particulate porous media or
substrates, and under dry conditions. In addition, Taylor’s method
markedly under-predicts Ds,g/Do,g compared with Currie’s method
as total porosity increases. The ratio of diffusion coefficients result-
ing from the two methods, k (Ds,g, [Currie]/Ds,g, [Taylor]), is shown as a
function of air-filled porosity in Figure 3 for the same soil types
as in Figure 2, but as three groups based on the total porosity.
The Disko soil samples are shown separately to differentiate them.
The Taylor method under-predicts Ds,g/Do,g by 10–15% compared
with Currie’s method for strongly porous soil. This is most evident
for relatively dry soil, but there is also a marked deviation under
wet conditions (e.g. 𝜀= 0.2). For the Disko soil samples (0–5 cm;
Φ= 0.83 cm3 cm−3) the maximum deviation is 10% for the driest
condition.
From the above discussion, it is important to assess which
of the two methods gives the more accurate estimate. Rolston
& Moldrup (2002) presented Currie’s (1960) method as giving
the ‘true’ estimate of Ds,g and suggested that Taylor’s (1949)
method under-predicted Ds,g because it disregards gas storage.
Note that Taylor’s (1949) method, founded on Fick’s first law,
does not take into account gas storage in soil as the concentration
Figure 3 The ratio between the measurements from ⚬ and Taylor’s (1949)
methods, k (Ds,g,[Currie]/Ds,g,[Taylor]), as a function of air-filled poros-
ity (𝜀) for the same soil types as in Figure 2, but grouped by their
total porosity. ⚬ Φ= 0.40–0.50 cm3 cm−3 (Hjorring sand and Jyndevad
sand); Φ= 0.50–0.80 cm3 cm−3 (Perlite, Profile, Turface, and aggregared
Andisol); ◽ Φ= 0.80–1.0 cm3 cm−3 (pumice, coconut-coir, foamed glass
and rockwool); ◾ Φ= 0.83 cm3 cm−3 (peat soil).
changes, whereas Currie’s (1960) method also considers mass
conservation through the continuity equation. It is clear, therefore,
why under-prediction is so pronounced in strongly porous media
(large Φ), particularly under dry conditions (large 𝜀), because
large values of 𝜀 together with large Φ denote marked differences
in gas storage. By comparing Equations (6) and (11), Rolston
(1986) reported a non-linear increase in k, which he presented as
a correction factor, with increasing soil air content (normalized by
the chamber volume). In addition to the expected increase with air
content, our data show a marked increase in k with total porosity
even at the same air content. This suggests that reduced accessibility
of air-filled pores in strongly porous soil in the presence of water
(because of water-induced tortuosity effects) also plays a role in the
deviation of k values.
Taylor’s (1949) method, however, has a few practical advantages
over Currie’s (1960) method. Computationally, Taylor’s (1949)
method is less expensive and requires no iterative procedures (see
Equation (9)) or reference tables to calculate Ds,g. Unlike Currie’s
(1960) method, air-filled porosity (𝜀) is not a prerequisite for
Taylor’s (1949)method and estimates of 𝜀 based on oven-dryweight
are feasible as the experiment progresses rather than waiting until
the end. This is particularly useful in long experiments with several
steps of evaporation- (or suction) controlled moisture adjustment
followed by measurement of Ds,g at each step because Ds,g can
still be estimated at each step even in the event of sample loss or
damage before the last step. Overall, the Taylor method is more
convenient and gives accurate estimates of Ds,g for mineral soil
(Φ≈ 0.45 cm3 cm−3); however, a correction is required for soil or
porous media with a large porosity, such as organic soil as in this
© 2015 The Authors. European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science
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Figure 4 (a) Soil-gas diffusivity,Ds,g/Do,g, as a function of air-filled porosity (𝜀) for two intact soil samples from the top (0–5 cm) and lower (5–10 cm) layers
in Disko, Greenland. The solid lines follow the descriptive GDC model, Equations (12) and (13), which fitted best to the top (grey) and lower (black) soil
data. Dashed lines in corresponding colours show ±10% prediction uncertainty from the fitted model. Error bars represent 1 SD from the mean. The vertical
dotted line demarcates the inter-aggregate region (left) and intra-aggregate region (right). (b) Gas diffusivity-based pore tortuosity, Equation (14), as a function
of air-filled porosity (𝜀) for the same soil samples as in (a), together with descriptions of GDC model-based tortuosity. The dotted line shows the model’s
extrapolation to the region (𝜀< 0.1 cm3 cm−3) with no measured data.
study. In the following, Currie’s (1960) method is used for all Ds,g
calculations.
Variation in Ds,g/Do,g and pore tortuosity with soil air content
Figure 4(a,b) shows Ds,g/Do,g and pore tortuosity (𝜏), respectively,
as a function of soil air content (𝜀) for soil sampled from the top two
layers (0–5 and 5–10 cm) at Disko. Measurements were initiated
at in situ moisture conditions (as indicated by the arrows) and
continued for several air-dry steps. The measured Ds,g/Do,g values
agree well with those in the literature for peat soil (e.g. Iiyama &
Hasegawa, 2005). Disko soil, however, is noticeably aggregated
and characterized by inter-aggregate and intra-aggregate regions
(Figure 4a) demarcated by a boundary. At in situ conditions, the top
layer (0–5 cm) had an air content of 𝜀= 0.50 cm3 cm−3; therefore,
the inter-aggregate region was already drained and air filled. Con-
sequently, measurements could not be made in the inter-aggregate
region. The lower layer (5–10 cm), on the other hand, had a field
air content of 𝜀= 0.10 cm3 cm−3 and provided a better indication
of Ds,g/Do,g across a wide range of values of 𝜀. Figure 4(b) shows
a clear trend of decreasing pore tortuosity in the inter-aggregate
region as evaporation progressed (increasing air content), followed
by an increase in tortuosity in the intra-aggregation region as
diffusing gas molecules entered more tortuous parts of the pore
network within the aggregates.
Figure 4 shows further the predictions from the parameterized
GDC model (solid lines), Equations (12) and (13), for the soil
from the top (black) and lower (grey) layers. The large value of
𝛼 observed for the topsoil (𝛼 = 0.15) compared with the lower soil
layer (𝛼 = 0.10) can be attributed to the larger amount of partially
decayed plant and root residues in the topsoil, which provides an
extra pore channelling effect for gas diffusion. Consequently, we
would expect a slightly larger 𝛽 for the top layer (could not be
determined) than for the lower layer (𝛽 = 1.42, best fit) because
𝛼 and 𝛽 are considered to be inter-related (Chamindu Deepagoda
et al., 2011b). The smaller 𝛽 values we observed for our soil
samples compared with those in the literature (varying between
2.5 and 3) suggest favourable characteristics for topsoil aeration.
We noticed further that 𝜆 has almost the same best-fitting values
of 0.15–0.16 for both top and lower samples, which suggests that
aggregate matrix tortuosity (
√
1∕𝜆) was less affected by the larger
amount of plant residues in the topsoil. The dotted line (Figure 4a,b)
shows extrapolations from the GDC model into the wet region
(𝜀< 0.10 cm3 cm−3) where no measured data were available for
detailed analyses.
Figure 4(a) also shows a range of prediction uncertainty of
±10%, denoted by dashed lines in corresponding colours, based
on the GDC model. The 10% prediction uncertainty is broadly
within the measurement uncertainty (denoted by error bars)
for 𝜀< 0.45 cm3 cm−3, where both the Currie and Taylor meth-
ods are expected to give comparable estimates. However, for
𝜀> 0.55 cm3 cm−3 the 10% prediction uncertainty clearly exceeds
the measurement uncertainty, which suggests marked differences
between the two methods.
Figure 5(a,b) shows the variation in Ds,g/Do,g and 𝜏 as a func-
tion of air-filled porosity (𝜀) in the sieved, repacked samples.
The two-region behaviour described above was not evident in the
repacked soil samples (Figure 5a) compared with the intact soil
(Figure 4a). Tortuosity values declined continuously with increas-
ing 𝜀 in repacked soil (Figure 5b), with no further increase as
seen for intact soil (Figure 4b). Although modelling results in
small differences in the fitting values for both 𝛼 (0.11) and 𝛽 (2.0)
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Figure 5 (a) Soil-gas diffusivity,Ds,g/Do,g, and (b)Ds,g/Do,g-based pore tortuosity, 𝜏, Equation (12), as a function of air-filled porosity (𝜀) for sieved, repacked
soil samples (0–10 cm) from Disko, Greenland. Descriptions of the parametric GDC model, Equations (13) and (14), are also given. Dashed lines show ±10%
prediction uncertainty from the fitted GDC model. Error bars represent 1 SD from the mean. The vertical dotted line demarcates the inter-aggregate region
(left) and intra-aggregate region (right).
Figure 6 Depth-wise variation of diffusivity in liquid-phase oxygen, Ds,l/Do,l, for water-saturated (a) intact and (b) repacked soil samples from Disko,
Greenland. In both samples, the measurements were taken at three locations (denoted by different symbols). Error bars represent 1 SD from the mean.
for 𝜀≤ 0.45 cm3 cm−3, there is a sharp and steady increase for
𝜀> 0.45 cm3 cm−3 and with 𝜆= 0.45. This is presumably because
of the draining of regions associated with uniformly mixed fine root
sections that remained after sieving.
Oxygen diffusivity under water-saturated conditions
Under water-saturated conditions, the air-filled pore space is small
(𝜀≈ 0) and or remains as isolated air pockets with very lit-
tle connectivity (𝛽 ≫ 3); both lead to very low diffusivity of
gaseous-phase oxygen (Ds,g/Do,g ≈ 0; Equation (13)). The oxygen
emission (or uptake) in such cases predominates at the soil–water
and atmosphere interface, and the liquid-phase oxygen diffusiv-
ity, Ds,l/Dl,o, becomes the controlling feature for oxygen transport.
Figure 6 shows the variation of Ds,l/Dl,o measured with a diffusivity
microsensor along a depth profile of 0–2 cm.
The results of the microprofile (Figure 6) are shown both
for water-saturated intact (a) and repacked (b) samples at three
arbitrarily selected locations (shown by different symbols). The
error bars are hardly evident at most locations because the dif-
fusivity sensor has good repeatability. On average, the diffu-
sivity of intact samples (Ds,l/Dl,o = 0.210± 0.03) is larger than
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Figure 7 Variation of oxygen diffusion coefficient (Equation (1)) in soil
gaseous (𝜀> 0 cm3 cm−3) and liquid (𝜀= 0 cm3 cm−3) phases as a function
of air content (𝜀) (lower x-axis) and water content (𝜃) (top x-axis) for
topsoil (0–10 cm) fromDisko, Greenland. The solid line shows the observed
trend within the partially-saturated region (𝜀> 0.1 cm3 cm−3), whereas the
dotted line denotes the extrapolation of the fitted model to the region
(0<𝜀< 0.1 cm3 cm−3) with no measured data.
that for repacked samples (Ds,l/Dl,o = 0.173± 0.017), but there
is no marked trend with depth for either type of sample. The
diffusivity sensor recorded an unrealistically large diffusivity value
(Ds,l/Dl,o = 2.32± 0.001) for one intact sample at 12-cm depth (not
shown in Figure 6) where the sensor tip presumably pierced a
partially-saturated isolated air pocket. This is a particular advan-
tage of the microsensor-based approach for diffusivity measure-
ments because it gives a useful qualitative insight into pore-scale
heterogeneity and pore characterization. However, the sensor was
not designed and calibrated to quantify apparent diffusivity in such
variably saturated soil or sediment systems.
The results for oxygen diffusivity of both gaseous and liquid
phases of the topsoil (0–10 cm) indicate that for water-saturated
soil, the apparent diffusion coefficient increased by a factor of
4.8× 103 when the topsoil was 50% aerated and by a factor
of 5.3× 103 when the soil was 66% aerated (Figure 7) (with-
out taking account of oxygen diffusivity of the liquid phase in
partially-saturated conditions). The diffusivity measurements
in saturated soil are important for constraining the fit of the
model (Figure 7) as there are no diffusivity data at near-saturated
conditions because such data are difficult to obtain. Lack of gaseous
phase diffusivity data in near-saturated conditions also hindered
a detailed statistical analysis of measurement uncertainties. Gas
diffusion in the transition region (gaseous-to-liquid phase) is
characterized by a gradual shift from parallel diffusion to serial
diffusion; therefore, a method that involves rapid and accurate
measurement in both phases is essential to determine the intrinsic
uncertainty in this region. We believe that an integrated diffusivity
microsensor network that can obtain diffusivity measurements
quickly in both fully and partially saturated soils will be the most
appropriate method for this purpose.
The results highlight the potentially marked changes in
near-surface oxygen transport characteristics when the topsoil
is aerated because of climate warming-induced evaporation and
or fluctuations in the water level. The increased CH4 dynamics
(production or oxidation) and CO2 emissions because of topsoil
aeration might, in turn, result in further climate warming. In addi-
tion, enhanced topsoil aeration can have adverse consequences for
soil chemistry (e.g. increased nutrient mineralization and release)
and microbiology (e.g. enhanced microbial metabolism). The
observed non-linearity in oxygen diffusivity at varying degrees of
saturation emphasized further the importance of direct diffusivity
measurements or the use of appropriate diffusivity models in future
estimates of oxygen transport, and the need to quantify subsur-
face CO2 and CH4 dynamics. Close and continuous monitoring of
near-surface changes, for example in soil moisture and temperature,
is required for improved understanding and better characterization
of oxygen dynamics in Arctic terrestrial systems.
Conclusions
We compared two commonly used methods for calculating
gaseous-phase oxygen diffusivity and showed that Currie’s (1960)
method is more appropriate for peat soil than is Taylor’s (1949)
method because estimates of the latter were underestimated by
almost 10% under dry conditions. Based on a two-region para-
metric gas diffusivity model, we described successfully gas phase
diffusivity for a range of moisture conditions in peat soil that were
not well represented by typical models developed for mineral soil.
This highlights the need for measurements of diffusivity in peat
soil and the results here show an increase in the apparent oxygen
diffusion coefficient by a factor of 4.8× 103 when the topsoil was
50% aerated and of 5.3× 103 when the soil was 66% aerated. This
suggested pronounced changes in the characteristics of oxygen
transport in response to changes in near-surface water saturation.
The observed non-linearity of oxygen diffusivity highlights the
importance of direct diffusivity measurements or the use of an
appropriate diffusivity model for future estimates of CH4 and CO2
dynamics. In particular, well-calibrated gas diffusivity models
need to be considered in future climate change modelling to assess
ecosystem-controlled feedbacks on global warming.
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